Introduction
The Notch pathway is one of several key pathways linked to both stem cell biology and cancer (1) . In particular, dysregulated Notch2 and/or Notch3 activity has been associated with several human tumor types, including lung (2), ovarian (3), breast (4), pancreatic (5, 6) , and colon cancers (7) . In addition to its role in developmental biology and cancer, Notch signaling also plays a key role in tumor vasculature and pericytes (8) . Thus, therapeutic strategies directed at inhibition of the Notch2/3 pathway on tumors and vasculature may offer promise for the treatment of solid tumors.
Accumulating evidence has indicated that tumors are frequently composed of heterogeneous cell types that vary in their ability to initiate new tumor growth and that cancer stem cells (CSC, also referred to as tumor-initiating cells) drive tumor growth and progression and are relatively resistant to many existing therapies, including conventional chemotherapy and radiation treatments (9, 10) . Because aberrant Notch signaling has been implicated in cancer, cancer stem cells, and tumor vasculature, therapeutic strategies that effectively target Notch signaling could have a major impact on cancer patient survival. Although inhibition of Notch receptor cleavage enzymes by gamma-secretase inhibitors (GSI) have been developed and progressed in the clinic, the therapeutic utility of these compounds is limited due to intestinal toxicity resulting from pan-Notch inhibition (11) . In the current study, we report the development of a novel cross-reactive antibody OMP-59R5 that selectively inhibits the function of both Notch2 and Notch3. We evaluated antitumor effect of antiNotch2/3 antibody and its mechanisms of actions using patient-derived xenograft (PDX) models.
Materials and Methods

Antibody generation and characterization
OMP-59R5 was generated by panning the HuCAL GOLD phage-display library (MorphoSys AG; ref. 12 ) with recombinant Notch2 extracellular domain (EGF1-12) containing the ligandbinding site. DNA fragments encoding the fAb generated from the phage display library were subcloned into a full-length human IgG2 expression vector and subsequently expressed into CHO cells and purified. To determine the ability of OMP-59R5 to block ligand binding to human Notch2 and Notch3 receptors, HEK 293 cells were transfected with cDNA expression vector encoding human Notch2 as well as a second vector encoding GFP, pcDNA-GFP, to mark the transiently transfected cells. Specific OMP-59R5 binding was assessed by determining the presence of cells positive for GFP signal and PE signal. For epitope mapping, HEK 293 cells were transiently transfected with expression vectors encoding human Notch2, human Notch1, or human Notch1 with residues 383-387 mutated to the corresponding human Notch2 residues. Cells were also cotransfected with a plasmid encoding GFP to mark those cells that received transfected plasmid. Cells were incubated with OMP-59R5 and fluorescent secondary antibody and then examined by FACS. The ability of antibodies to block activation of Notch signaling was determined by in vitro luciferase reporter assays as described previously (13) . The binding affinities of OMP-59R5 were determined using a Biacore 2000. The data were fit using the simultaneous global fit equation to yield affinity constants (K d ) for each protein. Detailed assay protocols are described in Supplementary Materials and Methods.
In vivo animal studies
The establishment and characterization of minimally passed human tumor xenograft models were performed as previously described (13, 14) . Sources of surgically removed patient tumors are CHTN (OMP-PN4, OMP-OV38), Asterand (OMP-LU40), and MRI (OMP-LU68). These tumors were established at OncoMed Pharmaceuticals, Inc. OMP-PN8, PN16, and PN17 and were obtained from Dr. Diane Simeone and UM-PE13 from Dr. Michael Clarke at the University of Michigan (Ann Arbor, MI). Cells were injected subcutaneously to NOD/SCID mice for efficacy studies. Treatment started when the mean tumor volumes reached about 100 mm 3 . OMP-59R5 was dosed at 40 mg/kg every other week. Gemcitabine was given from 5 to 40 mg/kg in pancreatic tumor xenografts in Supplementary Table S3 , except as indicated, that is, Fig. 4B and Fig. 4C . All chemotherapeutic agents were given once weekly. Both antibody and chemotherapeutic agents were administered intraperitoneally. The procedures for tumorigenicity study were described previously (14) . CSC frequency was determined using L-Calc Version 1.1 software (StemCell Technologies). Differences in frequency between groups were analyzed by the likelihood-ratio test. Difference of P < 0.05 was considered significantly different. Detailed in vivo studies and in vivo limiting dilution assay (LDA) protocols are described in Supplementary Materials and Methods.
Real-Time RT-PCR, mRNA sequencing, and microarray gene expression Tumor RNAs were isolated using the RNeasy Fibrous Tissue Mini Kit (Qiagen) with DNAseI treatment. Five-hundred nanograms total RNA was reverse transcribed into cDNA. Quantitative realtime PCR was performed in an ABI 7900 HT Fast Real Time PCR System and analyzed using the SDSv2.3 (Applied Biosystems). The results were normalized with the housekeeping gene GADPH. All primer and probe sets were obtained from Applied Biosystems. For microarray, samples were amplified using the Ovation RNA Amplification System V2 (NuGEN), adjusted for array background, normalized signal intensity with GCRMA algorithm in the opensource Bioconductor software (www.bioconductor.org), and profiled for mRNA expression using Affymetrix both HG-U133plus2 human and MG-430 2.0 mouse chips to assess treatment effects on human tumor cells and on mouse stroma cells independently. The probe sets that were not species-specific were omitted from the analysis. Data were subjected to the Gene Set Enrichment Analysis (GSEA). Genes differentially expressed between two groups were identified with the Bayesian t test (Cyber-T; ref. 15) . Bayesian oneway ANOVA and Tukey HSD post hoc test were performed for experiments with more than two groups. The significantly regulated genes between groups or time points were chosen based on the P value <0.05 and absolute fold change !1.5. The sequencing libraries were prepared following the protocols supplied by Illumina for sequencing mRNA samples (Illumina CA). The FASTQ sequence reads were aligned to human genome hg19 and mouse genome mm9 with tophat (v2.0.9) and bowtie (v1.0.0). After the alignment of sequence reads, the uniquely mapped reads were counted for each gene by HTSeq python script (v0.5.3p9). The raw counts per gene in each xenograft tumor were then normalized as RPKM (reads per kilobase per million mapped reads) to represent the expression level of the gene in the tumor.
Histology
Whole tumors were excised and processed into formalin-fixed, paraffin-embedded (FFPE) slides or as nonfixed optimal cutting temperature (OCT, Tissue-Tek, Sakura) embedded slides. Immunohistochemistry slides were scanned using Imagescope (ScanScope AT, Aperio). Total nuclei, Ki67-labeled cells, staining area, and intensity were quantified by Aperio software after excluding necrotic regions. The primary antibody for immunohistochemistry (IHC) was anti-Ki-67 (Vector, VP-RM04) and for immunofluorescence were anti-CD31 (BD Biosciences, 550274) and antiDesmin clone D93F5 (Cell Signaling Technology). Antipimonidazole (Hypoxyprobe) was used for intratumoral hypoxia detection. Detailed protocols for vascular perfusion, IHC, and immunofluorescence detections were described in Supplementary Materials and Methods.
Statistical analysis
Data for tumor measurements are expressed as mean AE SEM. Differences in mean values between groups were analyzed by the nonparametric t test. Multiple comparisons used a two-way ANOVA test followed by the Bonferroni post-test comparison. Differences of P < 0.05 are considered significantly different. Software for statistical analysis was by GraphPad Prism5 (GraphPad Software Inc.).
Translational Relevance
Aberrant Notch signaling has been implicated in cancer, cancer stem cells, and tumor vasculature. We report the development of OMP-59R5, an antibody that selectively inhibits the function of both Notch2 and Notch3. Our data demonstrate that OMP-59R5 was efficacious in inhibiting the growth of various epithelial tumors with minimal intestinal toxicity. Interference with Notch2/3 signaling by OMP-59R5 delayed tumor recurrence, decreased cancer stem cell frequency, and modulated the function of tumor vasculature. These findings provide evidence for the utility of targeting Notch2 and Notch3 for cancer treatment. Anti-Notch2/3 (tarextumab) is currently advancing in phase II clinical testing for treatment of pancreatic and small-cell lung cancers.
Results
OMP-59R5 is a cross-reactive Notch2 and Notch3 antagonist OMP-59R5 was identified using phase display (12) and was initially selected against human Notch2. Surface plasmon resonance-binding studies determined that this antibody demonstrates high-affinity binding to Notch2 and Notch3, with minimal binding to Notch1 and no detectable binding to Notch4 (Supplementary Fig. S1A ). OMP-59R5 blocks Notch ligand DLL4 and JAG1 binding to human Notch2 (Fig. 1A) . Analysis of deletion mutations identified EGF10 of Notch2 extracellular domains as required for binding (Note: due to the variance in the number of EGF repeats between the individual Notch family members, the corresponding EGF repeat of EGF10 in Notch2 is EGF9 in Notch3). Mutagenesis analysis revealed that OMP-59R5 binds to full-length human Notch2 and Notch1 with residues 383-387 Table S1 ). Using a Notch-responsive luciferase reporter assay in HeLa cells, we demonstrated that OMP-59R5 effectively inhibited human Notch2 and Notch3 reporter activity but had no activity in blocking Notch1 signaling. In contrast, the gamma secretase inhibitor DBZ, a pan-Notch inhibitor, inhibited signaling from Notch1, Notch2, and Notch3 ( Supplementary Fig. 1C ).
OMP-59R5 inhibits xenograft tumor growth through reducing tumor cell proliferation and promotes differentiation
The effect of OMP-59R5 on tumor growth was accessed using a panel of minimally in vivo passaged PDX models (14) . Engraftment in mice and drug treatment in these models has been shown to correlate with clinical outcome and treatment response (16, 17) . These tumor models retain much of the heterogeneity of the original tumors enabling the study of the characterization of CSCs through serial transplantation (13, 14) . The histologic features of these tumors are summarized in Supplementary Table  S2 . All tumors express human Notch1, Notch2, and Notch3 mRNA ( Supplementary Fig. S2 ). OMP-59R5 treatment resulted in additional antitumor activity in combination with gemcitabine relative to gemcitabine alone in 6 of 10 tumors tested (Supplementary Table S3 ). In the most sensitive tumors, OMP-PN8 and OMP-PN17, combination therapy resulted in tumor regression beginning 2 weeks after treatment in OMP-PN8 and 3 weeks after treatment in OMP-PN17 ( Supplementary Fig. S3 ). Histologic analysis in OMP-PN8 at the conclusion of the study revealed that OMP-59R5 single-agent treatment did not alter tumor cell morphology (hematoxylin and eosin), total tumor cell density (measured by total nuclei/mm 2 ), or cell proliferation (shown by Ki-67 immunoreactivity). Gemcitabine treatment resulted in 60% decrease in tumor cell density and 43% decrease in cell proliferation. The combination of OMP-59R5 and gemcitabine led to an additional 62% increase in apoptotic cell death and 52% reduction in tumor cell density versus gemcitabine (P < 0.05 in both cases). In the moderately differentiated adenocarcinoma OMP-PN21, OMP-59R5 treatment alone reduced tumor cell proliferation by 40% and promoted differentiation by inducing mucin-producing cells, as indicated by a 2.5-fold increase in Alcian blue staining compared with untreated controls ( Fig. 2A) . Gemcitabine treatment alone decreased cell proliferation by about 30% versus control, but had no effect on differentiation. Importantly, the combination therapy resulted in an additional 15% decrease in proliferating cells versus gemcitabine and induced a greater than 3-fold increase in Alcian blue staining (P < 0.05 in both cases). No apparent impact of OMP-59R5 on the intestinal morphology or increased secretory goblet cells was found at the dose used in these studies ( Supplementary Fig. S4A ). We did, however, observe an effect of OMP-59R5 on rodent teeth with long-term repeated high doses of OMP-59R5, beginning approximately 6 weeks after initiation of treatment ( Supplementary Fig. S4B ).
Sensitivity to OMP-59R5 is correlated with Notch3 expression in pancreatic tumors
Notably, the antitumor efficacy of OMP-59R5 in combination with gemcitabine was significantly associated with expression of human Notch3 gene in pancreatic cancer. Tumors that were more sensitive to the OMP-59R5 plus gemcitabine combination (responders) versus gemcitabine alone had higher levels of Notch3 baseline expression compared with tumors that showed no combination effect (nonresponders; Fig. 2B ). The mean gene expression levels were significantly different between the responders and the nonresponders (10.44 in responders vs. 1.973 in nonresponders, P ¼ 0.0047). The responsiveness of these tumors to the combination therapy was not associated with either Kras mutation status, sensitivity to gemcitabine, or molecular subtypes of pancreatic ductal adenocarcinoma as described by Collisson and colleagues previously (18) , that is, classical (tumors express high adhesion-associated and epithelial genes with best survival prognosis), exocrine-like (tumors with high tumor cell-derived digestive enzyme genes), and quasi-mesenchymal (tumors with high mesenchyme-associated genes; Supplementary Table S3 ). In contrast to Notch3, there was no difference in Notch1 or Notch2 expression between responders and nonresponders (Supplementary Fig. S2 ). Thus, Notch3 expression could be a useful predictive biomarker associated with sensitivity of OMP-59R5 in pancreatic cancer.
Pharmacodynamic effects in xenograft tumors treated with OMP-59R5
To identify pathways and gene sets regulated by OMP-59R5 in tumor cells, we isolated tumor RNA from four OMP-59R5-responsive tumors (OMP-PN4, PN8, PN16, and PN17) at the end of studies and analyzed for human and mouse gene expressions by microarray. GSEA revealed that OMP-59R5 downregulated the Notch pathway, oncogene signatures, cell proliferation gene sets, and several stem cell-related gene sets (Supplementary  Table S4 ). Tumors treated with gemcitabine upregulated epithelial-to-mesenchymal (EMT) gene sets and a subset of the stem cell gene sets, consistent with our previous results indicating that gemcitabine promotes the EMT phenotype in pancreatic cancer (19) . Notably, OMP-59R5 combination therapy reversed the increase in gemcitabine-induced expression of EMT gene sets and downregulated genes associated with embryonic stem cells (ESC) (ref. 20; Supplementary Table S4) . Analysis of anti-Notch2/3 treatment on tumor stroma and vascular cells in xenografts revealed that Notch3, Notch target genes Hey2, HeyL, and Rgs5, a gene shown to mark pericytes (21) were consistently downregulated by OMP-59R5 treatment in the tumor stroma in all four pancreatic xenografts (Supplementary Table S5 ).
To confirm gene expression changes identified by microarray, we performed qRT-PCR analysis in OMP-PN17, a tumor that expresses high NOTCH3 and responded to the combination therapy (Fig. 3A) . Gemcitabine alone had no effect on Notch receptors or Notch target gene expression in OMP-PN17 xenograft tumors, whereas OMP-59R5 alone and in combination with gemcitabine downregulated human NOTCH2, NOTCH3, and HES1. Notch3, Hes1, Rgs5, and HeyL in the tumor stroma were inhibited by OMP-59R5 and the combination with gemcitabine compared with control monoclonal antibody (mAb)-treated tumors. OMP-59R5 had no effect on human NOTCH1, JAG1, and JAG2 and mouse Notch1, 2, and 4 gene expression. Similar effects were found in OMP-PN25, a high NOTCH3-expressing tumor and a combination therapy responsive xenograft that was not examined by microarray (Supplementary Fig. S5A ). In addition, OMP-59R5 alone and the combination with gemcitabine downregulated NANOG and OCT4, two key genes that were found to be downregulated in ESC gene sets in tumor cells by GSEA. On the other hand, gemcitabine treatment had no effect or resulted in increased expression (Fig. 3A and Supplementary Fig.  S5A ). Real-time PCR analysis of EMT genes identified by GSEA in two of responsive tumors, OMP-PN8 and OMP-PN17, confirmed that gemcitabine induced mesenchymal gene expression (CDH2, VIM, FN1, TWIST1, SNAI1, SNAI2), whereas OMP-59R5 treatment and the combination therapy reversed or reduced these marker genes (Fig. 3A and Supplementary Fig. S5A ). Immunohistochemical analysis further demonstrated that the combination therapy significantly decreased vimentin (VIM) expression in the tumor cells (Supplementary Fig. S5B ). We also observed that, in OMP-PN17, OMP-59R5 treatment and the combination decreased protein levels of Notch3 receptor extracellular domain (Notch3 ECD) and the active form of Notch3 receptors intracellular domain (Notch3 ICD) compared with control mAb and gemcitabine in this model (Fig. 3B) . In addition, tumor cells with high intensity of Notch3 ECD staining were significantly decreased by OMP-59R5 and combination treatment (>75% in both cases, P < 0.05). Similar results were observed by Western blot analysis in OMP-PN25 xenograft tumors ( Supplementary  Fig. S5C ). In OMP-PN11, a tumor with low level of NOTCH3 and did not respond to the combination therapy, Notch3 ECD was undetected, and baseline Notch3 ICD level was 10-fold lower compared with OMP-PN17. Quantitative analysis of Notch3 ICD levels in OMP-PN11 demonstrated that gemcitabine significantly increased Notch3 ICD level. Although OMP-59R5 single agent and the combination significantly reduced nuclear Notch3 ICD levels compared with control, this reduction did not influence tumor growth (Fig. 3B) . It is unlikely that insensitivity to OMP-59R5 in nonresponsive tumors is due to increasing Notch1 activity upon Notch2/3 inhibition by OMP59R5 treatment as OMP-59R5 treatment decreased Notch1 ICD level in both OMP-PN11 and OMP-PN17 tumors (P < 0.05 in both cases), and neither gemcitabine alone nor the combination therapy modulated N1 ICD level in these tumors (Supplementary Fig.  S5D ). Collectively, these data suggest that Notch3 expression is regulated by a positive feedback loop and blockade of Notch2/3 signaling with OMP-59R5 impedes this autoregulatory circuit. 
OMP-59R5 reduces CSC frequency and delays tumor recurrence after termination of chemotherapy
To determine the functional significance of OMP-59R5 treatment on the tumorigenic potential of cells within the tumor, we carried out in vivo serial transplant, LDA (22) experiments (Fig. 4A , left) in OMP-PN8 xenograft tumors, a model that induced tumor regression by OMP-59R5 in combination with gemcitabine (Supplementary Fig. S3; Supplementary Table S3 ). This functional assay measures in vivo tumorigenicity and makes no assumptions about the frequency, FACS marker profile, or heterogeneity of the tumor-initiating cell population. As seen in Fig. 4A (right) , control antibody-treated tumors had a CSC frequency of 1/81. Gemcitabine treatment produced a 2-fold increase in CSC frequency compared with control (P < 0.05). OMP-59R5 treatment alone did not alter CSC frequency compared with control (Fig. 4A) although the tumor take rate at low cell doses, that is, 30 cells and 90 cells, in the OMP-59R5 treatment group was about 50% lower than the control group. Given the fact that stem cell genes are affected by single-agent OMP-59R5 treatment indicates that the antibody has effects on stem cells in the absence of chemotherapy, and this effect may sensitize tumorigenic cells to the cytotoxic effects of chemotherapy. Indeed, the combination of OMP-59R5 and gemcitabine produced a 7-fold decrease in CSC frequency compared with control and more than 10-fold reduction in CSC To evaluate the effect of OMP-59R5 on tumor recurrence after chemotherapy, we treated OMP-PN8 pancreatic tumors with a high dose of gemcitabine (70 mg/kg, weekly for 5 weeks) sufficient to induce tumor regression. Four weeks after discontinuation of the gemcitabine treatment, surviving tumor cells regrew to form large tumors. On the other hand, inclusion of OMP-59R5 delayed tumor regrowth by 9 weeks after gemcitabine termination (Fig. 4B) .
Recent clinical data have shown that nab-paclitaxel (Abraxane), an albumin-stabilized paclitaxel, is effective in combination with gemcitabine for the treatment of pancreatic ductal adenocarcinoma and has been approved by FDA as the first-line treatment of patients with metastatic adenocarcinoma of the pancreas (23) . To further explore the utility of anti-Notch2/3 in the setting of pancreatic cancer, we compared antitumor efficacy of OMP-59R5 in combination with either gemcitabine or gemcitabine/ nab-paclitaxel in OMP-PN8 xenograft tumors. When using an equivalent antitumor efficacy dose of both gemcitabine and gemcitabine/nab-paclitaxel, the combination of OMP-59R5 with gemcitabine/nab-paclitaxel induced tumor regression, whereas OMP-59R5 in combination with gemcitabine alone had less effect ( Supplementary Fig. S6A ). In a separate experiment, we treated OMP-PN8 xenograft tumors with either 10 mg/kg gemcitabine/30 mg/kg nab-paclitaxel alone or in combination with OMP-59R5 for 6 weeks. Our data demonstrate that OMP-59R5 in combination with nab-paclitaxel and gemcitabine resulted in striking tumor regression in 10 of 10 mice, whereas tumors treated with chemotherapeutic agents alone grew continuously (Fig. 4C) . The effect of the triple combination of anti-Notch2/3, gemcitabine, and nab-paclitaxel was quite durable and persisted after both antibody and chemotherapeutic treatments were discontinued. Similar observations were seen in OMP-PN16 xenograft tumors where the triple combination of OMP-59R5 with gemcitabine/nab-paclitaxel resulted in tumor regression (Supplementary Fig. S6C ).
Antitumor activity of OMP-59R5 in breast, ovarian, and small-cell lung cancer
In addition to pancreatic tumors, we also observed antitumor efficacy by anti-Notch2/3 antibody in breast, ovarian, and smallcell lung xenograft tumors. OMP-59R5 was efficacious as a single agent in UM-PE13 (a triple-negative breast tumor), OMP-OV38 (a serous ovarian tumor), and OMP-LU40 (a small-cell lung cancer; Fig. 5A and B and Supplementary Fig. S7A ) and combination activity with the chemotherapeutic agent in UM-PE13, OMP-OV38, and OMP-LU68 (Fig. 5A and B and Supplementary  Fig. S7A ). qRT-PCR gene expression analysis in UM-PE13 and OMP-OV38 tumors showed that HES1, NOTCH2, and NOTCH3 in the tumors and Notch3, Hes1, HeyL, and Rgs5 in the stroma were robustly downregulated by OMP-59R5 in these models (Fig. 5C  and D) . Immunohistochemistry analysis in UM-PE13 revealed that the antitumor activity of OMP-59R5 was associated with a 4-fold decrease in Notch3 ICD (Supplementary Fig. S7B ). When high doses of chemotherapy induced tumor regression in UM-PE13 and OMP-LU68 tumors, the combination of OMP-59R5 with the chemotherapeutic agents delayed tumor recurrence following discontinuation of the chemotherapeutic agents compared with the rate of tumor recurrence after treatment with the chemotherapeutic agents alone (Fig. 5E and F) . In the UM-PE13 breast tumor, OMP-59R5 treatment decreased CSC frequency to 37% relative to the control, whereas the residual tumor cells after paclitaxel treatment were enriched in CSCs exhibiting an approximately 2-fold increase in CSC frequency compared with the control (Fig. 5H) . Importantly, the combination of antiNotch2/3 and paclitaxel treatment decreased CSC frequency and tumorigenicity in the residual tumor cells, resulting in a 10-fold reduction in CSC frequency compared with the paclitaxel onlytreated group. Similar observations were found in OMP-LU40 xenograft tumors (Fig. 5G) . Taken together, these findings indicate the cross-reactive Notch2/3 targeting antibody OMP-59R5 is efficacious in a wide range of solid tumors, inhibiting Notch signaling in both tumor and stromal cells while reducing tumorigenic cell frequency.
OMP-59R5 alters pericyte coverage in tumor vasculature
In our experiments, we observed that Rgs5, a marker of developing pericytes, was consistently downregulated by OMP-59R5 in various tumors. Pericytes are tightly associated with endothelial cells in normal vasculature to provide structural support to blood vessels and regulate tissue physiology by modulating vascular stability, whereas pericytes in tumor vasculature exhibit abnormal shapes and are loosely associated with endothelial cells on tumor capillaries (24) . Hamzah and colleagues reported that reduction of Rgs5 expression in an endocrine pancreatic tumor model results in pericyte maturation, "normalizes" tumor vasculature, and improves the delivery of chemotherapeutic agents and the immune response against the tumor (25) . Similarly, patients with breast cancer with mature pericyte coverage demonstrate improved disease-free survival and overall survival (26) . To investigate the functional significance of OMP-59R5-mediated downregulation of Rgs5 and its effect on pericytes, we conducted immunofluorescence staining for desmin, a marker of mature pericytes (24) . We found that desmin-positive pericytes in the vasculature were closely associated with vessels in tumors treated with OMP-59R5, suggesting pericyte recruitment to endothelial cells and subsequent vascular maturation (Fig. 6A) . To determine whether mature pericytes are linked to a functional vasculature, we visualized plant lectin (tomato)-perfused vessels pretreated with pimonidazole. As seen in Supplementary Fig. S8A , pericytes either overlap or are more closely associated with the endothelial cells in perfused vessels. OMP-59R5 and gemcitabine treatment increased perfused blood vessels per area by 15%. An additional 20% increase in perfused vessels was seen in tumors after treatment with the combination of anti-Notch2/3 and gemcitabine ( Fig. 6B and Supplementary Fig. S8B ). The increase in perfusion in treated tumors was associated with a reduced tumor hypoxia (Fig.  6C ), more evident in tumors treated with the combination of OMP-59R5 and gemcitabine compared with control mAb-treated tumors. These findings suggest an improved oxygen supply in the tumors as a result of improved pericyte coverage and vascular normalization by OMP-59R5 treatment. tumors that are resistant to conventional therapies (27) . We sought to determine whether interference with CSC self-renewal ability through blocking Notch2/3 signaling would overcome treatment resistance. Using PDX models, we demonstrate that chemotherapeutic agents were largely ineffective in reducing CSC frequency, whereas blockade of Notch2/3 signaling by OMP-59R5 reduced CSC frequency in combination with chemotherapeutic agents in various cancer models examined. We further demonstrate that the triple combination of anti-Notch2/3 with gemcitabine plus nab-paclitaxel (Abraxane, a protein-bound paclitaxel) chemotherapy doublet, a new standard-of-care regimen for treatment of pancreatic cancer (23) , produced striking tumor regression in pancreatic cancer xenografts, suggesting that this may be a beneficial approach for the treatment of pancreatic cancer. The ongoing ALPINE clinical trial combining OMP-59R5 (tarextumab) with gemicitabine and nab-paclitaxel is designed to test this possibility (clinicaltrials.gov).
In this study, we observed a strong positive correlation between baseline NOTCH3 gene expression and the antitumor activity of OMP-59R5 plus gemcitabine in pancreatic tumors. The sensitivity of these tumors to the combination therapy is independent of Kras mutation status, gemcitabine sensitivity, or molecular subtype of pancreatic ductal adenocarcinoma. These data indicate that Notch3 expression may be a useful predictive marker to identify patients most likely to respond to OMP-59R5. In NOTCH3 high tumors, OMP-59R5 treatment induced a significant decrease in both Notch3 ECD and Notch3 ICD protein levels, suggesting that NOTCH3 gene expression is an important determinant of Notch3 signaling-mediated growth of these tumors. Indeed, Notch3 expression has been associated with disease stage, poorer overall survival, and resistance to chemotherapy in solid tumors (5, 7, 9) . The low sensitivity to OMP-59R5 in nonresponsive tumors is not likely due to loss-of-function mutations in ligand-binding domain/other functional regions of NOTCH2/3 or due to OMP-59R5-induced Notch1 activation in nonresponsive tumors, as whole-exome sequencing of our PDX tumors showed no mutations in either NOTCH2 or NOTCH3 that result in amino acid substitutions in EGF repeats involved in ligand binding, and Notch1 ICD level was not increased by the combination therapy in either responsive and nonresponsive tumors. Although no correlation between baseline NOTCH2 gene expression and tumor response to the combination therapy was observed, NOTCH2 gene was downregulated by OMP-59R5 treatment alone and by the combination therapy, suggesting that Notch2 signaling in the tumors and/or stroma niche may cooperate with Notch3 signaling to facilitate tumor growth.
We observed that EMT and stem cell gene sets were upregulated in tumors by gemcitabine. Combination with anti-Notch2/3 treatment reversed the increase in gemcitabine-induced EMT gene sets and downregulated stem cell gene sets. Real-time PCR gene expression and immunohistochemical analyses in OMP-59R5 responsive pancreatic xenograft tumors further confirmed microarray findings. Our data are consistent with literature reports suggesting that acquisition of EMT contributes to drug resistance and that EMT plays an important role in the generation of CSCs (28) .
In the current study, we observed striking downregulation of Rgs5 in the stroma by OMP-59R5 treatment in various tumors. Rgs5 and Notch3 are coexpressed in pericytes and are known to play an essential role in regulating the functions of these cells (29) . Previous studies have suggested that simultaneous inhibition of endothelial cells and pericytes results in an additive effect of disrupting tumor angiogenesis and thereby reducing tumor growth (30) . Other studies have shown that loss of Rgs5 gene expression modulates tumor angiogenesis by inducing pericyte maturation, vascular normalization, and reducing tumor hypoxia and vessel leakiness (25) . Our data demonstrate that OMP-59R5 Gene expression was normalized with the housekeeping gene GAPDH and expressed as fold of control mAb-treated tumors. Mean AE SD; n ¼ 3-4 per group. Ã , P < 0.05 versus control mAb by one-way ANOVA followed by the Tukey post-test. E and F, effect of OMP-59R5 on tumor recurrence in OMP-LU68 (small-cell lung tumors) and UM-PE13. Mean AE SEM; n ¼ 10 animals per group. Ã , P < 0.05 versus chemotherapeutic agent alone by the nonparametric t test. G and H, effect of OMP-59R5 on CSC frequency in OMP-LU40 (small-cell lung tumor) and UM-PE13 tumors at the end of study from Supplementary Fig. S6A (OMP-LU40) and F (UM-PE13). Mean AE SEM; n ¼ 10 animals per group. Ã , P < 0.05 versus control mAb; ÃÃ , P < 0.05 versus gemcitabine by one-way ANOVA followed by the Tukey post-test.
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